Efficient coupling of Lower Hybrid (LH) waves in reactor-relevant conditions, at a distance of ~ 10 cm between the plasma and the antenna during edge localised mode (ELM) activity, has been demonstrated in advanced scenario plasmas in the JET tokamak. The key to the coupling improvement is the use of local gas injection with D 2 or CD 4 in the vicinity of the LH antenna.
current drive and off-axis current profile control in several tokamaks [1] . Its capability to create a current in the outer half of the plasma, as well as its high current drive efficiency during the low β-phase of the plasma, make it an attractive candidate for current drive and current profile control in next step devices, in particularly in advanced tokamak scenarios. However, the coupling of the LH waves to the core plasma in high fusion performance plasmas, having an edge transport barrier (H-mode edge) and large amplitude Edge Localised Modes (ELMs), can be problematic. The steep density gradient at the plasma edge associated with the H-mode can lower the electron density in front of the antenna below the slow wave cut-off density, leading to poor coupling of the wave to the core plasma. The cut-off density is defined as the density at which the wave frequency of the slow wave equals the local electron plasma frequency. The cut-off density for the LHCD system in JET, which operates at 3.70GHz, is therefore 0.17×10 18 m -3 . For the next step tokamak, ITER, the frequency of the injected LH wave must be increased to 5 GHz, which will make the coupling even more strenuous, as the cut-off density will increase to 0.31×10 18 m -3 .
Furthermore, the Last Closed magnetic Flux Surface (LCFS) of the plasma in ITER will be held at least 12cm from the first wall, where the antenna has to be located. The decay length of the electron density outside the LCFS can be assumed to be ~ 2cm, which means that the electron density at the fisrt wall in ITER will be well below the cut-off density for the LH wave. LHCD systems therefore have to find methods of providing reliable coupling under these conditions in view of operation in next step devices.
The coupling of LH waves in H-mode plasmas has been addressed for example in JET and JT60-U. The results in JET up to now have shown that P LHCD = 3MW could be coupled in advanced tokamak plasmas at small amplitude ELMs (type III) at relatively small distance (up to 7cm) between the LCFS and the antenna. The use of local gas injection near the antenna with CD 4 proved instrumental in obtaining these results [2, 3] . In JT60-U, good LH coupling on ELMy plasmas was obtained transiently up to ~ 14cm by applying the LHCD power at small distance between the LCFS and the antenna and then increasing the LCFS distance during the LHCD pulse [4] . In this letter we present the results of an experiment carried out in JET in which we demonstrated the feasibility of coupling LH waves in more directly ITER relevant conditions, i.e. during large amplitude ELMs (type I) at fixed ~ 10cm distance between the LCFS and the antenna. As in the earlier JET experiments, local gas injection near the antenna was necessary for providing good coupling conditions. However, in this letter we show that D 2 injection can be used for improving LH coupling in reversed shear plasmas with Internal Transport Barrier (ITB) without causing a degradation in plasma performance. This is an important result in view of ITER, as carbon based gases, like CD 4 , may not be compatible with ITER operation due to the problem of tritium co-deposition with carbon [5] .
The idea of a local gas injection system for controlling the electron density at the LHCD antennas originated from the results obtained in ASDEX [6] . Such a control is particularly needed in JET since the large poloidal extent of the JET LH antenna and the variable poloidal shaping of divertor plasmas make the perfect matching of the LCFS to the antenna surface practically impossible. The JET LHCD system [7, 8] consists of 48 multijunctions mounted in six rows and eight columns, resulting in total area of active wave-guides of 0.90m in height and 0.35m in width. The gas introduction system for the LHCD system consists of a thin pipe, set in the outer wall approximately 1.0m from the antenna. It has eight apertures, with varying diameter, distributed poloidally in order to produce a uniform gas distribution along its poloidal extent.
The experimental scenario for our experiment was based on a reversed magnetic shear configuration at plasma current I P = 1.5MA and toroidal magnetic field B T = 3.0T, which is used in JET experiments aiming at obtaining internal transport barriers under steady-state conditions [9] .
In order to produce harsh coupling conditions for the LHCD system, we increased the distance between the LCFS and the antenna from discharge to discharge, as well as increased the heating power in order to achieve type I ELM activity. the antenna was retracted 2cm behind the poloidal limiter during the high power phase, while the LCFS was held at 5cm from the limiter. The LHCD power was stepped down at 44s and the re-applied at 45s due to reasons related to diagnostic constraints (the plasma is initiated at t = 40.0s). However, the low level of LHCD power coupled in Pulse No: 58649 (dashed lines) at 45s and onwards was due to poor coupling conditions, i.e. too low density in front of the antenna.
The low coupled power level and the ragged power signal is caused by a protection system that switches off the power on a klystron if the difference in the reflected powers in the two lines, powered by the same klystron, is too large [10] . This behaviour shows that it is not possible to increase the forward LHCD power, without first reducing the reflected power level, i.e. increasing the electron density. Pulse No: 58652 in Fig.1 (solid lines) is identical to Pulse No: 58649, except that injection of CD 4 at a rate of 8×10 21 electrons/s was added from the gas introduction pipe near the antenna. This resulted in an increase in the electron density, such that P LHCD = 2.5MW could be maintained during type I and type III ELMs.
In the subsequent discharges, the LH antenna was placed closer to the poloidal limiter (0.5cm in the shadow of the limiter), while the LCFS was moved further away from the limiter (up to 10cm).
This configuration is closer to the one foreseen in the ITER tokamak, where the antennas will be located in ports in the first wall. The result of a discharge with CD 4 injection near the antenna, in which the LCFS was 9cm from the limiter, is shown in Fig.2 . P LHCD = 2.5MW could successfully be coupled during the type I ELM activity. The reflection coefficient averaged over the six rows of multijunctions was approximately 6%.
The long distance discharges were then repeated with injection of D 2 from the gas introduction pipe near the antenna. The result of one of these discharges is shown in Fig.3 . P LHCD = 3MW could be coupled reliably with an average reflection coefficient of approximately 5% at a distance between the LCFS and the antenna of 10.5cm. However, one can note that the LCFS was held at 10cm also during the preheat phase with LHCD only, during which no gas was added. The poor coupling conditions resulted in a several klystron interrupts and therefore a coupled LHCD power of less than 2MW. As a parenthesis we mention that all our discharges had a second current ramp, starting at 48s. This latter phase of the discharges was dedicated to the study of parasitic absorption of the LHCD power at the plasma edge, which can lead to the production of hot spots on components magnetically connected to the LH antenna. The results obtained are presented in [11] .
The main difference we noted between the pulses with CD 4 and D 2 injection was the lower ELM amplitude (from type I to type III) when switching to D 2 injection. This can be seen by comparing Fig.2 and Fig.3 . Not only are type III ELMs less harmful for the first wall components in the tokamak, they are also less problematic for coupling of the LH waves. However, the reduction in ELM amplitude revealed not to be the only factor for providing more reliable LH coupling (Fig.4) . Deuterium undergoes recycling at the plasma edge, which further increases the electron density. This is probably the reason for the higher electron density when using D 2 injection. One can also note that the base level of the D α signal is slightly higher in Pulse No: 58667.
The exact mechanism by which the electron density in the scrape-off layer is increased during gas injection, or the role played by the LH electric field in the ionisation process, still need investigation. In the case of CD 4 injection, the mechanism has been proposed in [12] . Another experiment, related to the one presented here, aimed at studying the electron density increase during injection of different gases as a function of their ionisation cross sections has also been carried out in JET [13] . caused a degradation of the internal transport barrier [14, 15] . In addition, D 2 injection at 8´1021
electrons/s failed to improve the LH coupling at distances larger than ~ 5cm. Those results initiated the use of CD 4 for improving LH coupling, as CD 4 is better screened in the SOL and therefore affects the main plasma less than D 2 [16] . It should be pointed out that the earlier experiments were carried out in a different plasma configuration to the one used now. The earlier configuration had a flat q-profile, while the recent JET experiments, as reported here and in [9] , use a qprofile with reversed magnetic shear. This latter configuration has proven more robust towards gas injection, and gas injection has actually been used in recent reversed magnetic shear experiments in JET with the aim to control ELM activity [17] . The reason to which D 2 injection can now be used for improving the LH coupling can, at least partly, be attributed to a recent change in the design of the gas introduction pipe, which has improved the localisation of the gas in the region magnetically connected to the antenna.
CONCLUSION
In summary, efficient coupling of LH waves in reactor-relevant conditions has been demonstrated in advanced scenario plasmas in the JET tokamak. P LHCD = 2.5MW was coupled at a distance between the LCFS and the LH antenna of 9.5cm during large amplitude ELMs (type I), while 3MW was coupled at 10.5cm distance during small amplitude ELMs (type III). Gas injection in the scrape-off layer near the LH antenna was used for increasing the local electron density, thereby improving the coupling of the LH waves. The LH coupling was better in the discharges with D 2 injection than in the ones with CD 4 injection, at similar injected electron/s rate, while maintaining the same plasma performance. This is an important result in view of ITER operation, since carbon based gases may not be compatible with ITER operation due to the problem of tritium co-deposition with carbon. 
